A genetic link between silicic slab components and calc-alkaline arc volcanism in central Mexico and are mostly related to local or transient regional conditions (e.g. Kay 1978; Defant & Drummond 1990; Yogodzinksi et al. 2001; Gomez-Tuena et al. 2007a) . The missing garnet signature is therefore a key argument in models that consider formation of arc magmas through partial melting of a peridotite mantle that absorbed only trace amounts (c. 1-2 wt%) of a highly enriched slab component. While this slab component may control the budget of the fluid-mobile, highly incompatible elements in arc magmas (Morris et al. 1990; Plank & Langmuir 1993; Elliott et al. 1997) , it imparts no garnet signature. Moreover, the model implies that initial arc melts are typical partial peridotite melts with low SiO 2 (,50 wt%) and high MgO (.10 wt%) abundances (e.g. Langmuir et al. 1992) . Because the abundances of melt water in arc magmas are generally too low to cause more than a moderate increase of melt SiO 2 in the initial mantle melts (e.g. Baker et al. 1994; Ruscitto et al. 2012) , the evolution to andesitic, dacitic and rhyolitic magmas must then take place in the overlying crust, by fractional crystallization or crustal assimilation, or a mixture of both (e.g. Eichelberger 1978 ; Hildreth & Moorbath 1988; Plank & Langmuir 1988; Tamura & Tatsumi 2002; Reubi & Blundy 2008 , 2009 . While this view of andesite genesis is widely accepted, comprehensive datasets that combine detailed geological information with high-quality geochemical data reveal major problems. An excellent example is provided by the monogenetic volcanoes of the Holocene Sierra Chichinautzin Volcanic Field in the central Mexican Volcanic Belt (MVB) which have been the object of many detailed studies in recent years (e.g. Wallace & Carmichael 1999; Straub & Martin-Del Pozzo 2001; Siebe et al. 2004a; Schaaf et al. 2005; Straub et al. 2008 Straub et al. , 2011 Agustín-Flores et al. 2011) . Many of the Sierra Chichinautzin volcanoes erupt olivinerich, high-Mg# (up to 74) and high MgO (up to 10 wt%) calc-alkaline basalts to andesites that display the arc-typical enrichments of fluid-mobile large-ion lithophile elements (LILE) relative to the high-field-strength elements (HFSE) and rare earth elements (REE). Intriguingly, the overall SiO 2 increase from basalt to andesite cannot be attributed to a fractional crystallization link, as basalt to andesite series have different 87 Sr/ 86 Sr and 143 Nd/ 144 Nd isotope ratios (e.g. Fig. 1a, b ; Wallace & Carmichael 1999; Schaaf et al. 2005) . On the other hand, the linear, continuous trends of major and trace elements with melt SiO 2 suggests mixing of basaltic and silicic compositions (Fig. 1a) . The magmas erupt through c. 45 km-thick continental crust (e.g. Kim et al. 2010) , and thus the silicic end member may be a silicic component from the ambient crust. If this was the case, huge amounts of silicic crust on the order of tens of per cent must be incorporated in the intermediate andesites (Fig. 1a) . Such amounts, however, are improbable, because the Mexican high-Mg# andesites are both unusually primitive in radiogenic isotopes and rich in Ni (up to 250 ppm) and Cr (up to 500 ppm). Moreover, the high-Mg# magmas commonly crystallize fosteritic olivines with the high 3 He/ 4 He ¼ 7-8 R a typical of mantle melts (Fig. 1 , Straub et al. 2011 Straub et al. , 2013 . In view of the extreme sensitivity of low-He mantle melts towards the assimilation of 4 He-rich crustal material with 3 He/ 4 He , 1, these melts can have assimilated only trace amounts of crustal material (,0.0001%, curve b in Fig. 1c ; Straub et al. 2011 Straub et al. , 2013 .
The high 3 He/ 4
He olivines also have unusual high-Ni abundances which provide important clues to magma genesis. The Ni of the Mexican olivine exceeds by far the Ni of olivines from partial peridotite melts (Fig. 1d) . Straub et al. (2011) proposed that such high-Ni olivines may reflect the presence of silica-deficient and silica-excess 'reaction pyroxenites' in the mantle wedge that formed through reaction of silicic slab components with the ambient peridotite mantle (Straub et al. 2008 (Straub et al. , 2011 . Upon melting, such pyroxenite segregations may produce a broader range of high-Mg# basaltic and dacitic initial component melts. Mixing of many of these melts during ascent through mantle and crust then produces a series of high-Mg# basaltic to andesitic and dacitic melt that only experienced minor modification (olivine loss and recharge melt mixing) in the overlying crust (Straub et al. 2011) . In other words, this model suggests that Mexican arc andesites are principally hybrids of slab and mantle components, and do not form through crustal differentiation.
While this 'pyroxenite model' accounts well for the major element characteristics (Straub et al. 2008 (Straub et al. , 2011 (Straub et al. , 2013 , it is not clear how it influences the trace elements. Any 'reaction pyroxenite' that gives rise to silicic mantle melts must contain at least c. 15-18% of a silicic slab component. This is the minimum amount required to transform peridotite to 'reaction pyroxenite'. The obvious question is how this large amount (and more) of slab material reconciles with incompatible trace element of the central MVB calc-alkaline magmas thatwith rare exceptions -have no garnet signatures (LaGatta 2003; Schaaf et al. 2005; Straub et al. 2008) . The purpose of this paper is to discuss the systematics of incompatible trace elements in the context of the 'pyroxenite model'. While we focus on basaltic to andesite calc-alkaline high-Mg# (.64) magmas that have high-Ni and high 3 He/ 4 He olivines and that are least affected by crustal differentiation, these data are discussed in the context of all central MVB calc-alkaline magmas.
Geological background

Central Mexican Volcanic Belt
The geological setting of the Mexican Volcanic Belt has been described in detail elsewhere (e.g. Gómez-Tuena et al. 2007b; Ferrari et al. 2011) , and only a short summary is given here. The MVB is a Pliocene -Quaternary volcanic arc that is related to the subduction of the Cocos and Rivera plates along the Middle American Trench (Fig. 2) . The Middle American trench runs oblique at an angle of c. 178 to the MVB, owing to the nearhorizontal subduction of the slab beneath the forearc in the central-eastern arc (Pardo & Suarez 1995) . In the central MVB, the arc front is located at c. 300 -350 km from trench, where the slab steepens abruptly to 65 -758 (Perez-Campos et al. 2008) . The central segment of the MVB between composite volcanoes Popocatepetl and Nevado de Toluca (c. 100 -98830 ′ W) is constructed on c. 45 km thick sialic crust of Proterozoic granulites overlain by Jurassic metapelites, granites and Mesozoic limestones (Kim et al. 2010; Ortega-Gutiérrez et al. 2012) .
Subduction zone parameters, such as slab age, slab dip and crustal thickness and composition, are constant in central MVB. All the same, Holocene volcanoes Nevado de Toluca, Popocatepetl and the volcanoes of the interjacent Sierra Chichinautzin Monogenetic Field erupt calc-alkaline basaltic to dacitic magmas with highly variable trace element patterns that include a subordinate group of mildly alkaline Nb-rich basalts and basaltic andesites (e.g. Verma 1999; Wallace & Carmichael 1999; LaGatta 2003; Siebe et al. 2004a; Schaaf et al. 2005) . The latter are referred to as 'OIB-type' or high-'Nb arc basalts' (HNAB), as their trace element patterns resemble those of intraplate magmas. The far more abundant calc-alkaline series are characterized by strong enrichments of LILE relative to REE and HFSE and strongly resemble average continental crust. Together with the HNABs, the calc-alkaline magmas form a continuum in compositional space with many transitional compositions, but no 'natural' boundary (Verma 1999; Wallace & Carmichael 1999; LaGatta 2003; Schaaf et al. 2005) . Following LaGatta (2003) , all magmas with ,Nb ¼ 16 ppm are considered as calc-alkaline magmas. The HNAB have .16-35 ppm Nb, and are discussed in detail elsewhere (Straub et al. 2013) .
Sampling strategy
Samples for this study are from the Sierra Chichinautzin Volcanic Field, in addition to a few samples from Popocatepetl volcano. Sample collection took place during multiple field trips in the years [2004] [2005] [2006] [2007] [2008] [2009] . The field trips were spaced about a year apart, which allowed for intermittent major and trace element analyses that then guided further field work. Originally, we searched for zoned monogenetic volcanoes as prime targets for studying the causes of melt differentiation. While this approach was successful for the HNAB (Straub et al. 2013) , the calc-alkaline monogenetic volcanoes were either nearly homogeneous (e.g. Pelado, Tlaloc, Siebe et al. 2004a Siebe et al. , 2005 Schaaf et al. 2005) , or the eruptive sequence could not be, or could only partially be, reconstructed (e.g. Cuatepel, Guespalapa, this study). Several monogenetic volcanoes erupt both calc-alkaline and HNAB magmas, but without significant zoning in either group (e.g. Yecahuazac, Suchiooc, this study).
Calc-alkaline magmas comprise basalts, basaltic andesites, andesites and dacites. Many calcalkaline basalts to andesites have high values of Mg# .64, fairly high Ni .100 ppm and Cr .155 ppm, and olivine as single, or dominant, phenocryst regardless of the broad SiO 2 range. For simplicity, the calc-alkaline series are divided into two groups based on their normative composition: a 'basaltic' (olivine-normative) and 'andesitic' (quartz-normative) group (Table 1, Straub et al. 2011) . Olivine phenocrysts in both basaltic and andesitic magmas have been analysed for 3 He/ 4 He (Straub et al. 2011) . These 'high-3 He/ 4 He samples' are denoted by large, filled blue and red circles in the figures, and originate from monogenetic volcanoes Cuatepel (two samples), Guespalapa (seven), Suchiooc Cone (two), Tuxtepec (one) and Yecahuazac (one). One sample is from Popocatepetl. All other calc-alkaline basalts and andesites are shown as small blue and red circles.
The samples displayed are either from our own field work, or have been published by Straub et al. (2008 Straub et al. ( , 2011 Straub et al. ( , 2013 and LaGatta (2003) . Sample locations are shown in Figure 2 and geographical coordinates are given in Table 1 . This sample set fully represents the spectrum of the central MVB magmas and is free from interlaboratory bias. For these reasons and for clarity, other published compositional data on central MVB volcanics were omitted from the plots (e.g. Wallace & Carmichael 1999; Siebe et al. 2004a Siebe et al. , 2005 Schaaf et al. 2005; Meriggi et al. 2008; Agustín-Flores et al. 2011) .
All new data are listed in Table 1 . Many samples were taken from the same volcanoes that have been selected for the 3 He/ 4 He work, which includes Popocatepetl (six additional samples), Cuatepel (two), Guespalapa (12), Suchiooc (10), Yecahuazac (three) and Tuxtepec (one). In addition, we report data for samples from Sierra Chichinautzin monogenetic volcanoes Cuatzin (one sample), Ocusacayo (two), Pelado (three), Teuthli (two), Tlaloc (two), Muñeco (one) and a lava flow in proximity to (but not from) Tuxtepec Cone (one). Subvolcanic rocks were analysed from Zempoala Ridge (two) and from Cerro Magdalena (one).
Sample locations
In the following, the volcanoes with the high 3 He/ 4 He samples are briefly described. Volcan Cuatepel is located just east of the village of Juchitepec and halfway between the central Sierra Chichinautzin and Popocatepetl volcano. Cuatepetl magmas are quartz-normative, and produced a scoria cone of olivine-phyric, dark-grey andesite bombs (58 wt% SiO 2 ), and an olivine-rich basaltic andesite flow (56 wt% SiO 2 ) at the base of the western flank. The youthful appearance suggests a Holocene age. There is no information about the relative succession of cone and flow.
The Guespalapa Volcanic Complex formed between 2.8 and 4.7 ka BP (Siebe et al. 2004a, b) . All magmas are olivine-phyric. It is a broad shield volcano that is topped by three scoria cones: El Caballito, with multiple vents, and cones Manteca and El Hoyo. The Guespalapa shield consists of quartz-normative basaltic andesites to andesites with c. 55.4-61.2 wt% SiO 2 and low Nb (¼ 4.1-8.8 ppm). The three scoria cones erupt quartznormative basaltic andesites, with the exception of El Caballito, which produces both quartz-normative (55.4 wt% SiO 2 ) and olivine-normative basaltic andesites (54.4 -54.8 wt% SiO 2 ). El Caballito has also relatively high Nb ¼ 10.8-13.6 ppm that is more typical for transitional rather than calc-alkaline compositions. Manteca (56.7 wt% SiO 2 ) and El Hoyo (54.9 wt% SiO 2 ) are the most silicic Guespalapa magmas. El Hoyo (Mg# ¼ 69.8) and Manteca (Mg# ¼ 66.2) have higher values of Mg# than El Caballito (Mg# ¼ 65.0), but much lower Nb ¼ 3.5-4.2 ppm. There is no information about the temporal succession except that Manteca and El Caballito formed after the Guespalapa lava shield.
Volcan Suchiooc is a scoria cone that is associated with lavas flows of up to 10 km length (Espinasa-Perena 2006) . All magmas are olivinephyric. The lava flows were emplaced during the Brunhes Chron and hence are younger than ,0.73-0.79 Ma (Urrutia-Fucugauchi & Martin del Pozzo 1993). Calc-alkaline basaltic andesites (53.0 -54.2 wt% SiO 2 , Nb ¼ 10.2 -12.9 ppm) can be found at Suchiooc Cone and proximal lava flows within a c. 1 km perimeter are olivine-normative. Olivine -normative basaltic HNABs (.16 ppm Nb) seem to have been emplaced after the calcalkaline basalts. They extrude within a few hundred metres from Suchiooc Cone and make up all distal lava flows.
Like Suchiocc, Volcan Yecahuazac consists of an olivine-normative calc-alkaline cone (53.1 wt% SiO 2 ; Nb ¼ 8.4 ppm) and olivine-normative HNABs basaltic lava flows that breach through the southwestern flank of the cones and seem to postdate cone formation. All magmas are olivinephyric. Our field observations and data show that a lava flow emplaced in front of the 
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western flank of Yecahuazac cones actually derives from V. Suchiooc, and not from Yecahuazac as stated by Wallace & Carmichael (1999) and LaGatta (2003) .
Volcan Tuxtepec is a small scoria cone to the east of the village of Capulin (Wallace & Carmichael 1999) . It erupts olivine-and plagioclase-phyric olivine-normative calc-alkaline basalts with the lowest SiO 2 ¼ 49.9 -50.2 wt% and Nb ¼ 3.7-3.8 ppm, but the highest MgO ¼ 9.7-10.0 wt% and Mg# ¼ 71.6 -72.3 reported from the Sierra Chichinautzin Volcanic Field.
V. Popocatepetl is a major calc-alkaline MVB composite volcano that is well known for the presence of olivine phenocrysts in basaltic andesitic and andesitic magmas (e.g. Straub & Martin-Del Pozzo 2001; LaGatta 2003; Schaaf et al. 2005) . One quartz-normative basaltic andesite (SiO 2 ¼ 56.7 wt%, LaGatta 2003) from the oldest exposed series in Barranco Nexpayantla provided sufficient olivine for He isotope analyses (Straub et al. 2011) . The most recent dating suggests a maximum age of c. 600 ka for the oldest exposed Popo series (R. Espinasa-Pereña, work in progress).
Analytical methods
All new data are reported in Table 1 . In addition, we report re-analyses of major element oxides by DCP of samples reported by Wallace & Carmichael (1999) Straub et al. (2008 Straub et al. ( , 2011 .
Results
Major elements
Major element oxides are presented in Figures 1 (Straub et al. 2008 (Straub et al. , 2013 . The basalts from Tuxtepec (S15) and Yecahuazac Cone (CH08-15), respectively, stand out because of their high K 2 O and P 2 O 5 abundances.
Incompatible trace elements
Multi-element diagrams of incompatible elements reveal the arc-typical relative enrichments of Cs, Ba, U, K, Sr and Li that are paired with relative depletions of Nb, Ta and Ti ( Fig. 4; is a high-Nb arc basalt of the Sierra Chichinautzin that is only minimally affected by slab additions and best represents a melt from background mantle prior to subduction processing (Straub et al. 2013). have the lowest abundances of light rare earth elements (LREE) and Nb, while the basalts and, in particular those of Tuxtepec and Yecahuazac Cone, tend to be more enriched. Note that the Tuxtepec and Yecahuazac Cone basalts were targeted for the 3 He/ 4 He work because of their unusual trace element patterns, but are otherwise rare in the Sierra Chichinautzin.
The unusual composition of the Tuxtepec and Yecahuazac Cone basalts also shows in trends of individual trace elements v. SiO 2 (Fig. 5) Most central MVB magmas have fairly flat, HREE patterns with Dy/Yb (¼ 1.95 + 0.14, n ¼ 109) that are only slightly higher than MORB (Dy/Yb ¼ 1.69 + 0.10, n ¼ 80) and lack a recognizable 'garnet signature' (Fig. 6) . Again, the exceptions are the Tuxtepec and Yecahuazac Cone basalts that have high Dy/Yb of 2.5 and 2.3, respectively, which suggests a role of garnet in their genesis. Following Gomez-Tuena et al. (2007a) , who report young MVB volcanic rocks with similar trace element signatures from the Valle de Bravo further to the west, Tuxtepec and Yecahuazac Cone basalts will be referred to as 'high-La basalts'. All other calc-alkaline basalts and andesites will be referred to as 'low-La magmas'. (Fig. 7) . This shows that the basaltic and andesitic series cannot be related by simple fractional crystallization despite the coherent trends of major elements v. SiO 2 , and despite their proximity in time and space.
Sr and Nd isotope ratios
Discussion
The trace element and Sr -Nd isotope flux in arcs At first view, the trace elements of the calc-alkaline magmas display features that agree with the pyroxenite model proposed by Straub et al. (2011) . For example, this model predicts correlations between slab-derived elements and melt SiO 2 , because high-SiO 2 initial mantle melts are produced from silica-excess pyroxenites that contain higher amounts of the slab component. Figure  5 shows such correlations for highly incompatible elements (e.g. U, Th) that are generally slabcontrolled in arc magmas. For the same reason, and assuming the subducted sediment as source of the radiogenic Sr and unradiogenic Nd, the pyroxenite model predicts -as broadly observed -an increase in (Fig. 7) . The pyroxenite model can also account for the difference in trace element signatures between the low-La calcalkaline magmas and the high-La calc-alkaline basalts, as it proposes the flux of many individual slab components that may have very different trace element signatures and that infiltrate a heterogeneous subarc mantle (e.g. Straub et al. 2008; Tollstrup et al. 2010; Gomez-Tuena et al. 2011) .
On the other hand, open questions remain. For example, the abundance data only point to a slab flux of the highly fluid-mobile LILE, but do not provide information about a slab flux of the middle rare earth elements (MREE) and HFSE. Moreover, it is not clear how the large amount of slab material required by the pyroxenite model fits with the flat HREE pattern of the magmas. The minimum amount of slab-derived SiO 2 in the reaction pyroxenite is fixed by the stochiometric reaction that transforms mantle olivine to 'reaction orthopyroxene': SiO 2 + (Mg, Fe) 2 SiO 4 ¼ (Mg, Fe) 2 Si 2 O 6 . Assuming an original background mantle with c. 50-60% olivine, the resulting reaction pyroxenite (which consists of c. 50 -60% reaction orthopyroxene, plus the original mantle ortho-and clinopyroxene) must contain at least c. 15-18% slab-derived material. The formation of silicaexcess pyroxenite requires even higher amounts (e.g. Straub et al. 2011) . Given these amounts, why is there no garnet signature in the majority of the calc-alkaline magmas? In the following, we will address this question by forward and inverse modelling of the slab flux.
Modelling the flux of REE and Y. Forward modelling the slab-to-arc flux provides one way to evaluate the impact of recycled trace elements on arc magmas. However, such modelling is complicated, because it involves many poorly known variables (e.g. Straub & Zellmer 2012 Table 2 ; see also the Supplementary material. The models calculate first the REE and Y of partial slab melts from the subducted sediment and basaltic igneous crust, respectively. (Note: We do not distinguish between a 'fluid-like' or 'melt-like' nature of the slab component, but prefer the term 'slab melt', because the mobilization of melt-mobile elements (LREE) is implied.) A composite of the two slab melts is then added to the 'background mantle', which is the subarc mantle prior to subduction modification. Finally, a partial melt of this metasomatized mantle is calculated, assuming source transformation from peridotite to a solid pyroxenite lithology prior to melting. Figure 8 compares the modelled melts with target compositions of representative calc-alkaline basalts and andesites of the central MVB. Details of the models are as follows:
(1) Primitive mantle from McDonough & Sun (1995) , partially depleted by previous melting events, was chosen as background mantle. This choice is based on Straub et al. (2013) Nd v. melt SiO 2 (wt%). Note systematic difference in basaltic and andesitic series which excludes a fractional crystallization link between the two series and implies source diversity. Stolper & Newman 1994) . On the other hand, the forward calculations predict that .50-98% of the LREE in the central MVB magmas were slab-derived (Table 2) . Thus, despite the high slab D values of Skora et al. (2010) and Klimm et al. (2008) , the slab flux still strongly affects the composition of the subarc mantle.
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The magnitude of the slab flux: the inverse approach. LREE are considered as 'melt-mobile', and hence it seems likely that other melt-mobile elements, such as the MREE and HFSE, were also added from slab in significant amounts (Elliott et al. 1997; Woodhead et al. 1998 Woodhead et al. , 2001 Plank 2005; Gomez-Tuena et al. 2007a . Forward modelling, however, is too uncertain for deriving robust information on the mobility of the MREE and HFSE. Therefore, we test this hypothesis with the inverse approach of . This method assumes that the ratios of incompatible trace elements in arc magmas resemble those of the mantle source. Partial melts from 'background mantle' (which is the mantle without slab components) thus have 'smooth' patterns of (normalized) incompatible elements, whereas the mantle infiltrated by slab components produces arc magmas with strong relative enrichment of slab-derived elements. The different abundance of a given element between melts from the background and the metasomatized mantle, respectively, then provides a direct measure of the percentage of the element contributed from slab.
An important reference in this approach is the trace element composition of the melt from the unmetasomatized background mantle. Such melts commonly do not erupt in arcs, but their trace element patterns can be reconstructed from the erupted arc magmas on the basis of few elements that are principally mantle-derived in a given set of arc magmas. used Nb and Yb to this purpose, assuming these elements to be entirely mantle-derived. While this works well in some arcs, a principal mantle origin (or 'conservative' behaviour) of Nb is doubtful in the central MVB. One immediate problem is the huge range in Nb of a factor of 10 (from 3.6 to 33.5 ppm Nb) in high-Mg# .60, high-3 He/ 4 He magmas, that erupt within a few kilometres and a few thousand years from each other (Fig. 9) (Straub et al. 2013 , and this study). This range of Nb cannot result from different extents of melting, fractional crystallization or crustal contamination, but must reflect mantle source heterogeneity. Moreover, slab signatures emerge in the magmas with the highest and lowest Nb, while the magmas least influenced by slab additions (the 'old Texcal Flow basalts') have intermediate Nb c. 17 -19 ppm (Fig. 9) . Notably, magmas with higher Nb .20 ppm also have higher ratios of Nb -Ta . 17 that have been related to the addition of high Nb-Ta components from slab (e.g. Stolz et al. 1996; Gomez-Tuena et al. 2011; Koenig & Schuth 2011) .
On the other hand, TiO 2 abundances and variations are consistent with a principal mantle origin. The old Texcal Flow basalts have the highest TiO 2 ¼ 1.96 wt% and high TiO 2 -Lu ¼ 4.6 in central Mexico (Fig. 9 , Straub et al. 2013) , while all other HNABs and calc-alkaline magmas have lower TiO 2 of ,2-0.8 wt%, and TiO 2 -Lu ,4.6-2.5. These ranges are similar to those of MORB, which provides a reference for the variability of melts derived from an unmetasomatized upper mantle Pearce & Peate 1995) . Therefore, we take TiO 2 -Lu to approximate the MVB background mantle. The results are shown in Figures 10 and 11 , where TiO 2 -Lu is plotted against the Lu-normalized element investigated for slab addition. If the investigated element -which is the numerator of the ratio on the y-axis -is mantle-controlled like TiO 2 and Lu, the MVB data will overlap with mantle magmas. When the third element is added from slab, it shows a positive deviation from the range of the mantle melts that scales to the percentage of the slab-derived element in the arc magmas.
Calculation of the background mantle. We assume the background mantle to be primitive mantle based on the nearby erupting old Texcal Flow basalts which resemble a 3.5% melt from primitive mantle with minimal slab additions (Straub et al. 2013) . Assuming a pyroxenite source lithology (orthopyroxene-clinopyroxene-garnet ¼ 85:15:0.3) and the K d values of Donnelly et al. (2004) , we then calculated a range of melts from this primitive mantle with different extents of melting, ranging from 3.5 to 5, 10, 20 and 50%. Figure 10 shows that the lowest TiO 2 /Lu observed is not reproduced by even an extent of melting of 50%, which is unrealistically high. However, the low TiO 2 /Lu can be reproduced assuming re-melting of a residual mantle after several per cent melt extraction. Repetitive mantle melting, triggered by new hydrous slab additions, is a realistic model for the central MVB that is characterized by closely spaced, successive volcanic eruptions (e.g. Siebe et al. 2004b Siebe et al. , 2005 . The exact amount of the previously extracted melt and the number of melting events is not known, but it serves to assume 5% melt extraction in order to illustrate the resulting chemical variations. Melting curves for the original (primitive) mantle (solid lines), and for the depleted residual mantle (stippled) are shown in Figures 10 and 11 together with arc magmas with Mg# . 60.
Highly incompatible elements. Figure 10 illustrates the behaviour of highly incompatible elements (those to the left of Sr in multi-element diagrams) by the examples of Th, Nb and K 2 O. Note that data are filtered for Mg# . 60, which minimized the influence of crustal contamination. The interpretation of the Lu-normalized ratios of these elements requires some caution for two reasons. First, these ratios increase at an extent of melting ,10% during melting, but still to a far lesser extent than the increase caused by slab additions. Second, the Lu-normalized ratios differ significantly in melts from enriched and depleted mantle sources, respectively (Fig. 10) . However, despite these limitations, it is obvious that these elements must be slab-controlled. Even relative to an enriched, primitive mantle -which illustrates the minimum slab addition -the slab-derived percentages in the magmas exceed .50% (except for Nb and Ta). If the mantle is depleted by previous melting, the slab-derived percentages commonly exceed .90% and approximate 100% in many cases. The case of Nb (and Ta) is different, as a primitive mantle cannot produce the low Nb/Lu of some of the calc-alkaline magmas (Fig. 10b) . However, after the loss of only a few per cent of melts, the residual mantle is practically devoid of Nb, and very sensitive to leverage by the slab flux. Even a slab component with low Nb relative to the other highly incompatible elements may then add significant Nb to the mantle. While percentages of slab-derived Nb in arc magmas may not be as high as those of the fluid-mobile elements, slab-derived Nb may still account for .50% of the low-Nb arc magmas with only 3-4 ppm Nb (Fig. 10b) . If Nb Old Texcal Flow magma is a high-Nb arc basalt from Straub et al. (2013) that approximates best a melt from the central MVB mantle prior to subduction processing. Stippled horizontal lines abundance levels of melts from unmodified background mantle prior to subduction modification (which is similar to primitive mantle). In mantle-controlled elements, depletion by melting can only lower the abundance in later melts (e.g. TiO 2 ). The existence of the high-Nb magmas thus indicates Nb addition from slab, which is consistent with the 'arc signatures' of the magmas (e.g. Nb/La) decreasing above and below the 'background mantle line'.
was mobilized to the same extent as the other highly incompatible elements, the slab flux of Nb must clearly control Nb abundances in arc magmas. In summary, while exact percentages of the slab-derived highly compatible elements are difficult to assess, the inverse approach suggests that slab flux of these elements dominates the arc outflux, and especially so if the mantle has been depleted by previous melting.
Moderately incompatible elements. For moderately incompatible elements (to the right of Sr in multi-element diagrams), which include the MREE and HREE, previous melt extraction is far less efficient in modifying the Lu-normalized ratios because their values of D are less different from D TiO2 during mantle melting (Fig. 11) . Thus, the assessment against TiO 2 /Lu provides fairly robust estimates of the slab-derived percentages of the elements in the arc magmas.
The inversion indicates significant slab additions for the middle REE down to Gd, Tb and Dy. In general, between c. 20 and 90% of these elements may be slab-derived in the low-La calc-alkaline magmas, whereby the slab-derived percentage decreases with decreasing incompatibility. The high-La basalts have high slab contributions of these elements, which suggest the presence of rare, unusually enriched slab components. Notably, the inversion indicates that as much as 50% of the Gd (placed just to the right of TiO 2 in multielement diagrams) may be slab-derived low-La calc-alkaline magmas (and up to 70% in the highLa basalts). Thus, recycling of Eu (just to the right of TiO 2 in multi-element diagram) and Gd from slab, combined with TiO 2 retention in the slab, would cause the pronounced negative TiO 2 anomaly relative to Eu and Gd (Fig. 4) . In other words, while the Eu and Gd abundances in arc magmas reflect both mantle and slab contributions, TiO 2 varies only by depletion through melting. Indeed, no alternative process can account for the relative TiO 2 depletion in the high-Mg# magmas. Fractional crystallization, different extents of partial melting and crustal contamination are all precluded by the significant range of TiO 2 /Gd at comparable high Mg# values.
The comparative robustness of the Lu-normalized ratios of the moderately incompatible elements towards the background mantle allows for correlating their slab-derived percentages with melt Niu & Batiza (1997) . Raster with solid lines x-axis indicates variations of 3.5, 5, 10, 20 and 50% melts (sub-horizontal lines) from primitive mantle after McDonough & Sun (1995) ; partition coefficient from Donnelly et al. (2004) . Residual source: orthopyroxene-clinopyroxene-garnet, 85:15:0.3. Vertical lines along y-axis indicate percentage of element derived from subducted slab. Raster with stippled lines -as before, only assuming residual primitive mantle after 5% melt extraction as source with orthopyroxene-clinopyroxene-garnet, 95:5:0.3. Old Texcal Flow magma (large green diamond) is a high-Nb arc basalt of the Sierra Chichinautzin that is only minimally affected by slab additions and best represents a melt from background mantle prior to subduction processing (Straub et al. 2013). SiO 2 . In the low-La calc-alkaline magmas, the slabderived percentage increases with melt SiO 2 as predicted by forward models (Fig. 12) . As expected, the slope of the increase v. melt SiO 2 becomes flatter, as the percentage of the slab-derived element decreases, and the subarc mantle increasingly buffers the lesser slab flux of the least incompatible elements. Notably, in agreement with the forward models, only the HREE to the right of Ho (Er and Yb, Lu by definition) lack correlation with melt SiO 2 , which is consistent with their principal origin from background mantle and their efficient retention in the subducted slab by residual garnet.
In the high-La basalts from Tuxtepec and Yecahuazac Cone the slab flux increases independently from melt SiO 2 (Fig. 12) . However, these excursions are accountable in the context of the pyroxenite model, when considering that the slab flux must not be homogenous. Such extreme enrichments may simply reflect rare slab components that are extremely enriched in REE and some other incompatible elements (e.g. Sr, P 2 O 5 ), but depleted in the Nb and Ta. If the mantle was already depleted by melting, the full signature of this slab component must then show against the background, including the garnet signature. Moreover, in this case the high element abundances do not depend on multiple infiltrations of silicic slab components, and the addition of one such extremely enriched component may suffice to create silicadeficient pyroxenite that then produces enriched basaltic melts. Obviously, the rarity of the high-La basalts shows that these conditions of formation are not commonly met, in contrast to the more ubiquitous flux of slab components that produce the low-La calc-alkaline series.
In summary, the inverse approach agrees with the results of the forward models in that most incompatible elements are either completely or strongly controlled by the slab flux. Only a few elements, such as TiO 2 and the HREE Er, Yb and Lu principally derive from mantle, which accounts for the flat HREE patterns and the negative TiO 2 anomaly in the arc magmas. Additional variability can be attributed to rare, extremely enriched slab components that infiltrate a subarc mantle that has already been depleted by melting. Nd/ 144 Nd data alone, it is not possible to distinguish conclusively between the models. However, the entirety of the data available for this sample set allows for considering a possible slab control, and justifies a detailed discussion.
Both forward and inverse models suggest that most of Sr (c. 50 -80%) and Nd (c. 40 -80%) in the low-La calc-alkaline magmas were slab-derived, with the slab addition being even higher in the high-La magmas (Figs 11 & 12 than observed. On the other hand, the Sr and Nd flux from sediment can be buffered by the concomitant Sr and Nd flux from the far more voluminous subducted igneous crust, which results in fairly unradiogenic 87 Sr/ 86 Sr and radiogenic 143 Nd/ 144 Nd, despite a high slab flux (e.g. Straub & Zellmer 2012) . Figure 13 correlates the percentage of slab-derived Sr and Nd with their respective isotope ratios. In both diagrams, the arc data do not plot on a mixing line between mantle and trench sediment, but show deviations that agree with the addition of Nd and Sr from the subducted altered igneous crust (referred to as 'AOC' (altered oceanic crust) hereafter). Figure  14 presents two possible solutions for low-La calc-alkaline magmas (panel a) and the high-La basalts (panel b). Model parameters are listed in Table 3 . The modelling is done stepwise, but in reality the slab components may be generated and mix with the mantle wedge in any order. Both models first calculate a composite slab component from subducted sediment and igneous crust (mixing curve a). The curve is constrained to pass through the HNABs of central Mexico that define an end member in Sr -Nd isotope mixing space. In order to pass through the observed data, model curve a assumes some (c. 15%) loss of sedimentary Sr and preferential release (by a factor of 2) of Sr from igneous crust, which is in agreement with progressive slab dehydration (e.g. Kessel et al. 2005; Savov et al. 2005) . In a second step, a composite of this slab fluid, which undergoes additional fractionation of Sr/Nd by preferential retention of Nd in slab, creates a slab component with high Sr/Nd Nd mixing models for central MVB calc-alkaline basalts and andesites. Model parameters are compiled in Table 3 . High-Nb arc magmas (grey circles) of the central MVB after Straub et al. (2013) , LaGatta (2003) (Fig. 14b) Assuming no additional fractionation of Sr/Nd in composite slab component.
propose a strong causal link between andesite melt formation and plate subduction (Ringwood 1974; Defant et al. 1991; Kelemen 1995; Yogodzinski et al. 1995) . There seems to be no need for a causal role of crustal differentiation. Clearly, as such the pyroxenite model of andesite genesis has far-reaching implications for connectivity between trench and arc, the magnitude of the arc outflux and arc crustal growth. These will be shortly discussed in the following.
The link between andesite genesis and plate subduction. assessed by the inverse approach. There is nothing in abundance space that would suggest Al 2 O 3 recycling, but this is inconclusive. Al 2 O 3 is a major component in alumosilicate slab melts (Beard & Lofgren 1991; Rapp & Watson 1995; Kessel et al. 2005) , but also a significant constituent of the upper mantle. Thus, mantle melting may buffer the slab flux and obscure easy evidence of slab contributions of Al 2 O 3 in arc magmas. In summary, despite some uncertainties, our extended dataset fully agrees with our earlier results that the major element oxides of the central MVB andesites were blends of slab and mantle materials, and did not result from shallow crustal processing of partial peridotite melts (Straub et al. 2008 (Straub et al. , 2013 .
The effects of crustal differentiation. While the pyroxenite model does not require the overlying crust in order to create andesitic magmas, it does not imply the lack of subsequent intra-crustal differentiation. Without crustal differentiation, all central MVB magmas had high Mg# . 70 numbers (Straub et al. 2011) . However, the fact that most erupted magmas have lower values of Mg# requires additional differentiation that should take place in the arc crust, which poses a physical and thermal barrier to the ascending mantle melts.
Because initial andesitic melts already have low melt MgO and FeO, moderate loss of mafic silicates (olivine, pyroxenes) suffices to produce the low-Mg# melts observed. Loss of mafic silicates will mostly affect melt MgO, which is rapidly lowered. In contrast, the abundance levels of melt SiO 2 and FeO -with bulk D close to unity -are largely maintained (Straub et al. 2011) . Olivine, the ubiquitous and often only phenocrysts of the high-Mg# magmas, clearly plays a major role in lowering melt Mg#. However, results from melting experiments provide an interesting alternative as they demonstrate that, at the higher pressures in the lower crust, pyroxenes, not olivines, are on the liquidus of the andesitic melts (Weaver et al. 2011; Weber et al. 2011) . While the presence of high-Mg# pyroxenes in our sample set remains to be confirmed, there are revealing trends of olivine in Fo v. Ni space, where olivines from various lava flows are aligned in conspicuous sub-parallel trends. This is true for olivines from different volcanoes, but also for olivines of different eruptive series of single volcanic centres (exemplified for Guespalapa volcanics in Fig. 16a) . Excepting rare cases where complex crustal intracrustal differentiation may play a role (Straub et al. 2011) , there are two ways to create such trends: (1) the initial melts have different values of Mg#, either by inherent source heterogeneity or by progressive depletion through serial melting; or (2) the values of Mg# of initial melts are variably lowered by early pyroxene fractionation in the lower crust, or even in the uppermost lithospheric mantle (Fig.  16b) . This is because crystallizing pyroxenes also lowers melt Mg# (if at a lesser rate than olivine), Straub et al. (2011) . Fields labelled 'pyroxenite' and 'peridotite' indicate olivine composition in equilibrium with initial partial melts of pyroxenite and peridotite after Straub et al. (2011) . Large black arrow indicates mixing between pyroxenite and peridotite initial component melts. (b) Possible interpretation of olivine trends after Straub et al. (2011 Straub et al. ( , 2013 . Few olivine are in equilibrium with initial mantle melts (white field with hybrids of pyroxenite and peridotite melts), and most olivine crystallize from derivate melts. Thick brown lines delineate early pyroxene fractionation; thick green lines delineate olivine fractionation trends. Red lines with arrows indicate recharge mixing. but barely affect melt Ni given the much lower-K d Ni in pyroxenes (e.g. Beattie et al. 1991) . In particular, the higher the SiO 2 of the initial melt, the more likely it is that pyroxenes will be on the liquidus. Such early pyroxenes may be left behind as residues at the walls of conduits walls through which the magmas ascend to surface.
Evidence for crustal melt processing is ubiquitous in the complex zoning patterns of olivines that are recorded in all calc-alkaline magmas mixing between two or more component melts (Straub et al. 2011) . Given their low to moderate H 2 O abundances of the central MVB magmas (Cervantes & Wallace 2003a, b; Johnson et al. 2009; Roberge et al. 2009 ), olivine will only crystallize in the upper crust. Thus, most melt mixing must happen in the upper crust, and probably occurs in the shallow magma plumbing system just prior to and during eruption. Much of this mixing is probably 'recharge mixing', where newly ascending melt batches charge into slower ascending or stagnant melts at higher level and ultimately trigger the eruptions . Clearly, early loss of mafic silicates and late-stage melt mixing will obscure the spectrum of initial melt that make up the central MVB calc-alkaline andesites (Straub et al. 2011) . However, neither process seems efficient in entirely eliminating the characteristics of the initial mantle melts.
Magnitude of the arc outflux and connectivity to slab. The pyroxenite model also has consequences for the magnitude of the arc outflux. Models that assume a basaltic flux to the Moho calculate the arc outflux for the lower elemental concentration appropriate to basaltic melts (e.g. Plank & Langmuir 1993; Straub & Layne 2003) . This limitation, however, does not exist for initial arc magmas produced by reaction pyroxenites that are more silicic and richer in many incompatible elements. Because the element concentrations of the initial arc magmas relate linearly to the magnitude of the arc outflux, the arc outflux of incompatible elements increases accordingly. This aspect is particularly intriguing for slab-controlled, recycled elements in arc magmas that tend to be concentrated in the silicic melts released from slab (e.g. highly incompatible mobile element like Cs, Ba, Rb, K, U, Th, Pb, Sr), but also for the recycled, climatically active volatile elements (e.g. H 2 O, CO 2 , halogens). Moreover, being transported to surface in the SiO 2 -rich mantle melts obviates the need for extensive and laborious crustal differentiation, and ensures better connectivity between slab input and arc output. Revised estimates, based on the pyroxenite model, may significantly factor into models of the feedback between subduction cycling and the mechanisms of the ocean -atmosphere system. Implications for arc crustal growth. The pyroxenite model has implications for models of arc crustal growth, as it offers the possibility that the arc crust may grow through accretion of a broad spectrum of basaltic, andesitic and dacitic mantle melts. Depending on the ratio of basaltic to dacitic melts (an unknown variable), the newly accreted crust may be andesitic on average. This would much reduce, and possibly even forgo, the periodic delamination of mafic crustal residues that is needed in order to create andesitic crust from initial basaltic melts (e.g. Tatsumi 2000) . Furthermore, the pyroxenite model also affects the rates of arc crustal growth. One method to calculate arc crustal growth is to estimate the composition and volume of the extrusive magma series, and infer the volume of the mafic intrusives that must be left behind if the flux to the Moho was basaltic (Crisp 1984; White et al. 2006) . However, this approach fails if the subarc mantle produces a broad range of mafic and silicic compositions, as in this case the eruptive volumes do not permit inferences on the volumes of the intrusive rocks. Rather, the intrusive volume is an unknown quantity, as there is no knowledge on how much of the respective basaltic, andesitic and dacitic mantle melts will erupt, and whether the erupted melt volumes will at least reflect the correct proportions of the initial melts. Kent et al. (2010) recently proposed that mafic melts (by their higher density) and dacitic -rhyolitic melts (by their viscosity) may preferentially become sequestered in the crust, while intermediate andesites preferentially erupt. There is also the possibility that the proportions of mafic v. silicic mantle melts change among different arcs depending on the subduction parameters, or during the life-time of arcs that typically comprise tens of millions of years (Price et al. 2005; Condie 2007 ). Such concepts render it impossible to use the erupted volcanic volumes as a proxy for the total magmatic volume produced per increment of time. Alternative approaches are thus required to deduce the volume and accretion rates of intrusive bodies directly. Geophysical constraints on geothermal gradients in continental magmatic arcs (Rothstein & Manning 2003) and on how arc surface heat flux changes in tandem with subduction parameters (e.g. convergence rate, Zellmer 2008 Zellmer , 2009 ) may help to provide some valuable insights in the future.
Concluding remarks
The major results of this study can be summarized as follows:
(1) The systematics of incompatible trace elements and 87 Sr/ 86 Sr and 143 Nd/ 144 Nd ratios of the central MVB calc-alkaline basalts to andesites agree with their proposed origin as partial melts from 'reaction pyroxenite' in the mantle wedge. (2) Andesite formation in the central MVB is primarily a consequence of reactions between silicic slab components and the peridotite mantle, and not of intra-crustal melt differentiation. (3) The pyroxenite model implies strong causal links between andesite genesis and plate subduction with implications for models of arc crustal growth, the efficiency of slab recycling and the connectivity between the arc magmatic fluxes and the Earth's exosphere.
